Introduction
For the last 30 years, a gene-centric approach has predominated cancer biology creating a perception of cancer as a complex collection of diseases unrelated among themselves and has led to the idea of a tailored therapy for each patient based on the tumours' gene expression pattern. A major paradigm shift is now occuring towards the search for the fundamental underlying principles that could form a unified theory of transformation, progression and metastasis. This reductionist 'recasting' of cancer as a single disease could correspondingly permit the development of more general therapeutic strategies that exploit common underlying forces. This approach to cancer at the level of its metabolic character and constraints has led to the unifying paradigms that tumours depend on angiogenesis (endothelial-centric paradigm) and on aerobic glycolytic metabolism (metabolic-centric paradigm). Importantly, these two processes can interact through a novel 'pH-centric paradigm', which helps to develop the tumour metabolic microenvironment (TMM) and further drive metastatic progression.
In this regard, both ion transport and cytoplasmic pH play crucial roles in multiple cell functions including control of cell growth and proliferation, growth factor activity, cell membrane potential, mitochondrial activity, cell volume, enzyme activity, DNA synthesis, differentiation, oncogenesis and oncogene action [1] [2] [3] . A great deal of accumulating evidence over the last years has amply demonstrated that practically all tumours have in common a pivotal characteristic: the aberrant regulation of hydrogen ion dynamics [1] [2] [3] [4] [5] . Cancer cells have an acid -base balance that is completely different from that observed in normal tissues and that increases with the increasing neoplastic state: an extracellular acid microenvironment ( pH e ) linked to a 'malignant' alkaline intracellular pH (pH i ). Indeed, tumour cells have the alkaline pH i values of 7.12-7.7 versus 6.99-7.05 in normal cells while producing acidic pH e values of 6.2-6.9 versus 7.3-7.4 in normal cells. This creates a reversed pH gradient (DpH i to DpH e ) across the cell membrane that is markedly displaced from the electrochemical equilibrium for protons, which increases as the tumour progresses. This specific and pathological reversal of the pH gradient in cancer cells and tissues compared with normal tissue completely alters their thermodynamic molecular energetics, regardless of their pathology and genetic origins and can now be considered to be a defining characteristic of tumour cells [4, 6, 7] . Indeed, the induction and/or maintenance of intracellular alkalinization and its subsquent extracellular acidosis [2, 4, 6, 7] have been repeatedly implicated as playing a pivotal role in the maintenance and active progression of the neoplastic process [1, 2, 4] .
The development and maintenance of this reversed pH gradient is directly owing to the proton (H þ ) secretory ability of the tumour cells and increases with increasing tumour aggressiveness [2] and local tumour hypoxia [8] . This proton secretion depends on the buffering capacity of the cell and is driven by a series of transporters and enzymes, including carbonic anhydrases (CAs), vacuolar H þ -ATPases, the H þ /Cl 2 symporter, the monocarboxylate transporter (MCT, mainly MCT1; also known as the lactate-proton symporter), the Na 3 2 exchangers and ATP synthase (for reviews, see [1, 2, 4, 9] ). The prevailing hypothesis most often considers the formation of the reversed pH gradient to be a characteristic of advanced, hypoxic tumours where the classical hypoxiainduced glycolytic metabolism is turned on creating high intracellular lactate and proton levels with a consequent upregulation of proton and lactate extruders to compensate such that the cytosol is alkalinized [8] . The inefficient removal of protons and lactic acid from the extracellular space, owing to the poorly perfused dense tumour tissue, creates the acidic extracellular microenvironment and the reversed pH gradient (figure 1, adapted from [8] ).
However, when and how this characteristic cytosolic alkalinization of tumour cells first takes place is less clear. There are data demonstrating that the first steps of this pH gradient reversal take place at the earliest phases of neoplastic transformation and is strongly associated with the first appearance of glycolysis in the presence of oxygen; the so-called Warburg effect.
2. The first appearance of the reversed proton gradient in oncogene-driven neoplastic transformation and the role of NHE1
This cancer cell-specific increased proton secretion with the resultant initiation of the reversed proton gradient appears during the very first steps of neoplastic transformation. Oncogene-dependent transformation results in a rapid cytoplasmic alkalinization as an elevated pH i together with increased NHE1 activity was very early on implicated as a crucial factor in neoplastic transformation driven by the ras and v-mos oncogenes [10, 11] . These studies also observed that these oncogene-dependent transformations resulted in an increased glycolysis and it was not clear at the time whether the driving factor for increased pH i was the stimulated NHE1 or the increased glycolysis. This question was resolved in a study using the inducible expression of an oncogene (HPV16 E7) to dissect the time-dependence of the appearance of the the hallmarks demonstrated that the first step in oncogene-dependent transformation of normal cells is the activation of the NHE1 with the subsequent cytosolic alkalinization [12] . A kinetic analysis of the activation of the NHE1 demonstrated that the oncogene-driven neoplastic transformation constitutively activates NHE1 by increasing the affinity of the allosteric proton regulatory site increasing the sensitivity of the NHE1 to the intracellular protons and increasing its activity with a resultant intracellular alkalinization and extracellular acidification. Figure 1 . The tumour microenvironment selects for increased acid extrusion. The basic steps of the classical scheme of oncogenic evolution are shown above the upper line. The advance of the tumour along this line is usually thought to be driven by mutations that activate neoplastic oncogenes or inactivate tumour suppressors. Recently, there has been an increase in our understanding concerning the mechanisms by which hypoxia acidifies the extracellular tumour microenvironment by increasing glycolytic metabolism concomitantly with the upregulation of a series of proton transporters that result in the well-described reversed pH gradient that may well be the most specific tumour hallmark of all and that drives many of the other tumour characteristic behaviours. Many of these tumour-specific pH-regulatory proteins are transcriptionally regulated by the hypoxia-inducible factor-1 (HIF-1a) the stability of which is increased by hypoxia in the poorly vascularized and insufficiently perfused tumour environment. The changes in pH-regulating proteins shown in the figure confer advantages to the cancer cells and play an important role in tumour metastasis and in resistance to therapy. (Adapted from [8] .) (Online version in colour.)
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130100 subsequent development of a series of transformation/cancer hallmarks, such as increased growth rate, substrate-independent growth, growth factor independence, glycolysis in aerobic conditions and tumour growth in nude mice [12] . Altogether, these data demonstrate that oncogenes use NHE1-induced alkalinization to produce very early the unique cancer-specific altered pH regulation with the resulting pH-profile and the hallmark phenotypes characteristic of cancer cells [13] .
Role of pH in developing and maintaining Warburg metabolism
Another unique hallmark of cancer cells that is receiving ever increasing attention is their shift to glycolytic metabolism relative to oxidative phosphorylation (OxyPhos), even under aerobic conditions. This was first described by Warburg [14] , hence known as the Warburg effect. As stated above, early experiments of the oncogene activation showed the first appearance of glycolytic metabolism to be an early effect/consequence of oncogene-driven transformation of normal cells [10, 11] . There is further evidence that both pH i and pH e are important in driving this ever increasing dependence on glycolysis and decreasing dependence on OxyPhos as the tumour cell progresses (reviewed in [6, 7] ). Briefly, as both the processes of OxyPhos and gycolysis are exquisitely but oppositely pH sensitive, a rapid shift of cell metabolic patterns follows alkalinization probably through the modulation of multiple proteins in unison to control this process. Indeed, on the one hand, alkaline pH i even slightly above steady-state levels stimulates the activity of glycolytic enzymes, such as phosphofructokinase-1 (PFK-1) and lactate dehydrogenase while inhibiting gluconeogenesis [15] [16] [17] [18] [19] . These changes in enzyme function probably occur through dynamic changes in protein conformation driven by posttranslational modifications via the rapid and reversible change in the charge of amino acid side chains by protons [20, 21] . As this type of post-translational modification does not require an enzyme, it permits the sensitive adaptation of the system to small and rapid shifts in cytosolic pH. On the other hand, the proper functioning of numerous mitocondrial proton transporters and proton-driven transporters that are involved in regulating OxyPhos metabolism has a strong dependence on a relatively high cytosolic proton concentration [6] . In all, at least 10 transporters regulating mitocondrial activity depend on a high, constant, regulated cytosol -mitocondrial proton gradient (figure 2). Interestingly, high levels of ATP inhibit glycolysis at two points ( phosphofructokinase-1 and pyruvate kinase-1) and, therefore, the reduction of ATP produced as a result of the lowered trans-inner mitocondrial membrane proton gradient would relax this inhibition and thus further stimulate the glycolytic chain. Altogether, this reciprocal metabolic shift may well be the most sensitive cellular pH i sensor of all. Figure 2 . Model of pH-dependent mitochondrial processes. Simplified schematic view of the H þ -dependent mitochondrial processes occuring across the mitochondrial inner membrane, including the OxyPhos machinery and various phosphate and nutrient transporters. Complexes I (NADH dehydrogenase) and II (succinate dehydrogenase) receive electrons from either NADH or FADH2. Electrons are then carried between complexes by the carrier molecules coenzyme Q/ubiquinone (UQ) and cytochrome c (CYC). The energy released by electrons flowing through this electron transport chain is used to transport protons across the inner mitochondrial membrane. This generates potential energy in the form of a pH gradient and an electrical potential across this membrane. ATP synthesis by Complex V (ATP synthase) is driven by the proton gradient and occurs in the mitochondrial matrix. This enzyme uses this energy to generate ATP from adenosine diphosphate (ADP), in a phosphorylation reaction. This reaction is driven by the proton flow, which forces the rotation of a part of the enzyme; the ATP synthase is a rotary mechanical motor. A total of 10 protons are ejected from the mitochondrial matrix per two electrons transferred from NADH to oxygen via the respiratory chain. Therefore, when the cytosol of the transformed cell becomes alkaline, the much larger volume of the cytosol together with the very high permeability of the outer membrane to protons means that the protons pumped out of the matrix are dispersed onto the cytosol and the whole system runs-down. In addition, the F 1 F 0 ATP synthase is a reversible enzyme, and so a reduction in proton concentration in the intermembrane space could even result in a consumption of ATP. Further, this altered proton concentration will also reduce the inner membrane potential that is fundamental for driving the adenine nucleotide translocase (ADP/ATP carrier), an antiporter that catalyses exchange of ADP for ATP across the inner mitochondrial membrane. At normal cellular pH, ATP has four negative charges, while ADP has three negative charges. ADP 3 -/ATP 4 -exchange is driven by, and uses up, the membrane potential generated by respiration (one charge per ATP). Furthermore, phosphate then re-enters the mitochondrial matrix with H þ , by an electroneutral symport mechanism. P i entry is driven by and uses up the pH gradient (equivalent to one mole of H þ per mole of ATP). (Online version in colour.)
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Altogether, this evidence supports the hypothesis that it is the alkaline pH i that is the driver of this metabolic shift and this pH i -dependent shift is one of the 'cornerstones' in the altered metabolism that the pH perturbation creates. Indeed, a recent paper added further weight to this conclusion observing, using a novel NHE1 inhibitor, that the Warburg effect may be explained completely through the elevation of pH i in cancer cells [22] . An added depth and complexity to this field comes from the demonstration that lower pH e (in both the presence and absence of extracellular lactate) has profound effects on tumour cell gene expression, including genes involved in glycolysis [23] and that inhibition of the NHE1 results in changes in expression patterns of a number of genes including many that regulate metabolism [24] .
These complex dynamics of the pH-metabolism interaction engages a vicious cycle from very early on: the oncogene-driven alkalinization increases glycolysis and proliferation, generating a need for a high energy consumption which maintains a high proton production that, through stimulated proton efflux transport systems, further alkalinizes the cell that even further reduces OxyPhos and increases glycolysis. Figure 3 shows how this very early alteration of pH dynamics and consequent metabolic disruption sets the stage for the conditions necessary for the later stages of metastatic progression and illustrates the pH-centric paradigm for carcinogenesis and metastatic progression mentioned in the Introduction. Interestingly, neoplastic progression is the result of clonal selection of increasingly more aggressive cells. However, the accumulation of genetic defects resulting in malignant cells is faster than that theoretically predicted. Recently, this contradiction has been resolved with the observation that the tumour microenvironment drives the selection of aggressive cells within a tumour by contributing to tumour genetic instability [25] [26] [27] . Thus, cancer is an example of a synergistic, positive feedback interaction of genotype and phenotype in which the resulting phenotype from the initial genotypic alteration sets the stage for further genotypic alterations.
This fundamental role of the NHE1 in modulating cellular metabolism is perhaps not surprising considering the postulated role of ancient NHEs together with the ancient ATP synthase in the origin of chemiosmotic coupling and membrane bioenergetics [28] . Indeed, ancient NHEs are thought to have played a key role from the time of proto-cells to permit the development of ever less permeable membranes and ever higher levels of carbon and energy fluxes, (i.e. energy production and harnessing) by permitting cells dependent on the proton gradients supplied from the environment also to pump sodium ions. Figure 3 . Unified carcinogenic evolutionary scheme from pH centric viewpoint. On the basis of the studies discussed in this review, we can now see that the alkalinazation of the cytosol occurs even in the very first steps of oncogene-driven neoplastic transformation and is probably the fundamental physiological alteration used by the oncogene to transform a normal cell (left side of scheme). Most importantly, the alkalinization is a key event for the establishment and maintenance of oncogenic transformation. Upon expression of an oncoprotein, the cells develop a series of phenotypes characteristic of neoplastic transformation: increased growth rate, anchorage-independent growth, serum-independent growth, increased Warburg glycolysis and in vivo tumour development in nude mice. The development of these tumour hallmarks during transformation are inhibited by blocking the alkalinization via the clamping of pH i at neutral values or by inhibiting NHE1 confirming that activation of the NHE1 and the resulting cellular alkalinization is a key mechanism in oncogenic transformation and is essential for the development and maintenance of the transformed phenotype. Interestingly, deoxyglucose treatment can decrease the glycolysis to the levels of transformed cells treated with the NHE1 inhibitor, DMA, but has little effect on cellular growth in comparison with the DMA treatment [12] . Therefore, glycolysis appears not to play an important role in the increase in growth rate observed upon transformation. Altogether, this suggests that targeting either the tumour pH or NHE1 directly could be important therapeutic strategies even in the early stages of cancer. (Adapted from [8] .) (Online version in colour.) rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130100 4. The first steps in the development of the tumour microenvironment
As stated above, this increase in pH i of the transformed cell drives obligate tumour DNA synthesis, cell cycle progression and both substrate-independent and serum-independent growth, resulting in a pathological and disorganized increase in cell number and density [4, 29] . A consequence of increased tumour cell density is a corresponding decrease in access to circulation that creates an hypoxic condition reducing the cells ability to run their mitochondrial oxidative respiratory chain and increasing the need to fulfil their energy demand through glycolytic metabolism and increased glucose consumption. Glycolysis is much less efficient than oxidative metabolism in producing ATP (two molecules of ATP per molecule of glucose, compared to up to 38 ATP per glucose in a full cycle of glycolysis-Krebs cycle-OxyPhos). More importantly, each round of glycolysis produces two protons, challenging the tumour cell with an ever increasing acid load [30] and pH i would rapidly decline which could be lethal if not compensated for by increased proton extrusion which results in additional pH e acidification [29] . The alkaline shift in the pH i dependence of the NHE1 observed upon transformation greatly increases the acid extrusion ability of the transformed cell and, thus, may comprize the first transformation alteration that can drive the subsequent development of the microenvironment characteristic of neoplastic cells ( figure 3) .
Therefore, an adaptative feature of cancer cells, and especially of highly aggressive cancer cells, is the overexpression and the increased activity of multiple pH-regulating transporters and enzymes such as V-ATPase [4, 30] , CAs [31, 32] , the proton-linked MCTs [33, 34] and Cl 2 /HCO 3 2 exchangers. As an example, NHE1 is overexpressed in cervical cancer [35] and hepatocellular carcinoma [36] and is correlated with clinical outcome, while its activity is upregulated in glioma [37] and breast cancer cells [12, 38] .
The increasing hypoxia of the tumour also necessitates a new blood supply that is achieved through neoangiogenesis, whereby new blood vessels are formed from pre-existing ones [29] . However, neoplastic vascularization occurs uncoordinatedly, resulting in a chaotic, functionally poor vasculature incapable of meeting tumoural demands of oxygen and serum and causing an efficient washout of metabolic products (i.e. carbonic acid) which even further exacerbates the low pH e . The physiological environment, tumour metabolism, angiogenesis and vasularization are, therefore, inextricably linked. Altogether, these processes give rise to the tumour-specific metabolic microenvironment defined as extracellular areas within tumours characterized by dynamic, interacting areas of (i) hypoxia, (ii) low serum nutrients and (iii) acidic pH e . Studies have demonstrated a pathogenic role of both low nutrients and the acidic interstitial pH e of tumours by giving a selective advantage for tumour progression and metastasis. Low pH e together with low nutrients [39] or low pH e alone have been shown to drive large changes in gene expression independently of hypoxia [23, 40, 41] and have also been associated with tumour progression by impacting multiple processes including increased invasion [23, [41] [42] [43] and metastasis [39, 44, 45] . In this context, low nutrient concentrations [46, 47] or low pH e [48] have been shown to preferentially stimulate NHE1 activity in tumour cells but not in normal cells which further drives the vicious positive feedback cycle. Accordingly, emphasis is shifting toward elucidating the unique responses of cancer cells to their own microenvironment and determining how this contributes to metastasis.
Mechanism underlying increased NHE1 activity and alkalinization during transformation
NHE1 is a member of a family of integral membrane secondary active acid extruders that mediate the electoneutral 1 : 1 exchange of extracelluar sodium for intracellular protons across the cell membrane with a Km for extracellular sodium ranging from 10 to 50 mM. Through its action, the inwardly directed sodium gradient can drive the uphill extrusion of protons that alkalinizes pH i and acidifies pH e . For a detailed review of the structure and biophysical characteristics of NHE1 please refer to a recent review [8] .
One of NHE1's fundamental characteristics is the exquisite sensitivity to pH i through an internal allosteric protonbinding regulatory site such that when pH i drops below a threshold level it is activated and, in this way, intracellular protons are an important allosteric regulator of NHE1 activity independently of their function as a substrate for the exchange with external sodium [49] . This pH i sensitivity determines its activity set-point, i.e. the pH i at which it first starts to be activated and, in normal cells, the set-point is at their physiological, resting pH i such that the NHE1 is quiescent. It becomes activated only when the cell is acidified and functions to return the cell to neutral pH i and this activation results in a sigmoid regulatory dependence of NHE1 activity on the intracellular proton concentration. This same process is used to increase NHE1 activity in growth factor-induced cells and another study to determine the mechanism of tumour cell activation demonstrated that serum removal stimulated NHE1 activity specifically in tumour cells through a PI3K-dependent increase of the affinity of this allosteric site [46] . Oncogene-driven neoplastic transformation was found to constitutively activate NHE1 and raise pH i by increasing the affinity of this allosteric proton regulatory site which mimicks the lowering of cytosolic pH [12] . It was recently demonstrated that a PKA-RhoA-induced inhibition of p38alpha MAPK is involved in this mechanism [50] .
There are two additional regulatory mechanisms for the activity of NHE1 that might play a secondary role in transformation. The cytoplasmic tail contains numerous ser/thr residues, some of which are constitutively phosphorylated in quiescent cells [51] and are further phosphorylated in response to extracellular stimuli [52] . Additionally, the cytoplasmic tail also contains numerous binding sites for multiple protein partners, such that the NHE1 is also able to act as a scaffolding protein [53 -55] . These partner proteins include the 14-3-3 adaptor protein, calcineurin homologous protein, CA II, calmodulin, ERM proteins (ezrin, radixin and moesin), heat shock protein 70 (HSP70) and PI(4,5)P2 [8, 55, 56] . Recently, a direct binding with B-Raf that activates NHE1 was described [57] . Additionally, through its binding to the actin-binding protein ezrin, NHE1 can directly regulate cytoskeleton dynamics independently of its ion transporting capabilities [58] . Together with transport, these three activities make the NHE1 a very important membrane-bound rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130100 integrator for many signalling networks and cellular processes and these aspects of the role of NHE1 in the regulation of neoplastic transformation has yet to be studied.
There is now ample evidence that in addition to these above stimuli tumour cell NHE1 is further activated by the components of the TMM previously described [29] : low serum [47, 47] , acidic pH e [48] and hypoxia [8, [59] [60] [61] , which links these components into a dynamic, reciprocal system that drives further microenvironmental acidification and malignant progression starting from the first moments of neoplastic transformation. Altogether, these data lead to the recognition of a synergistic, positive feedback interaction between the tumour cell and both the metabolic and stromal microenvironments in tumours and suggests that NHE1 may have an important role in integrating these interactions.
6. Other pH-regulating systems that could be secondarly involved in driving and maintaining the altered pH dynamics in transformed cells and in the development of the tumour metabolic microenvironment
As stated above, there is increasing evidence that oncogenic transformation modifies the metabolic programme of cells and that a common alteration is the upregulation of glycolysis with the subsequent production of lactate in the cytosol. The MCTs are a family of symporters involved in the transmembrane transport of lactate, pyruvate and ketone bodies together with protons [62] . Thus, MCTs would not only remove lactate from the cytosol but bring about the expulsion of hydrogen ions and in the attempt to increase pH i would decrease pH e . MCTs are known to have important roles in cancer as studies have shown that inhibition of MCT1, both in vitro [63] [64] [65] and in vivo [64] , decreased pH i and retarded tumour growth. This specificity to glycolytic tumours has suggested that its presence might be used to specifically supply therapeutic substances [66] . The upregulation of MCTs would also allow the continuous conversion of glucose to lactate. Therefore, while there is currently no data to demonstrate that one or more of the MCT isoforms are upregulated, the fact that lactate is starting to be produced in larger levels during transformation could mean that they could have a secondary role in the further development of the alkalinized phenotype. Indeed, it is possible that the positive feedback aspect shown in figure 3 activated by the increased lactate and proton load could secondarily activate one of the MCT isoforms. CA activity has been found to be important in maintaining uniformly alkaline pH i in small tumour spheroids [67] , and CAIX was recently found to be broadly localized in the interior of rat brain C6 tumour [68] . CAIX is one of the most important upregulated proteins by HIF-1alpha in response to hypoxia both in normal and cancerous tissues [69] . Interestingly, the activity of NHE1 has also been shown to be enhanced via its direct binding to CAII [70, 71] , although the relevance of this interaction in tumour cells has yet to be determined. As another consequence of the transformation/pH i -driven upregulation of glycolysis would also be the subsequent over-production of CO 2 in the cytosol, it is possible that even in the absence of hypoxia the transformed cell upregulates the expression and/or activity of a CA isoform.
7. Implications for therapy: targeting NHE1 in the first stages of oncogenesis (a) Emerging implications of NHE1 disregulated activity in early diagnosis and therapy
The idea of an acid-base approach to the treatment of cancer dates back from the early 1930s [72] . Owing to the importance of NHE1 in numerous physiological and pathophysiological processes, a number of inhibitors have been developed. The most part belong to two groups of modifications of the structure of the the first compounds found to have inhibitory activity: the K þ -sparing diuretic, amiloride. Amiloride, however, also inhibits the epithelial Na þ channel ENaC, the Na þ /Ca 2þ exchanger (NCX) and the acid-sensing cation channel-1 which is part of the ENaC family. Furthermore, while NHE1 is the isoform most sensitive to amiloride, NHE2 is also inhibited and to a lesser extent NHE5 [73] . While not being a specific inhibitor of NHE1, amiloride has been used as a cancer therapeutic in both animal models and clinically where its use had clear antineoplastic effects with few side effects [74] . A series of more specific NHE1 inhibitory drugs based on the chemical scaffold of amiloride that were designed using double substitutions of the nitrogen of the 5-amino pyrazine derivatives at the R5 and R5 0 groups and had a slightly higher inhibitory activity and specificity for NHE1 and very low activity towards NCX and ENaC [75] . Some of the best known and most studied of these pyrazines are dimethylamiloride (DMA; R5:-CH3 and R 0 5: -CH3), N-ethylisopropylamiloride (EIPA; R5:-C2H5 and R 0 5: -CH(CH3)2) and HMA (-(CH2)6-). Two additional sets of alterations have given rise to a new series of inhibitors where the pyrazine moiety of amiloride was substituted with a phenyl ring or a heterocycle pyridine to produce benzoylguanidines of which two have been passed phase trials: the simultaneous substitution of the 6-chloro by a sulfomethyl with the deletion of the 2-amino or its replacement by a methyl group gave rise to the benzoylguanidine group of inhibitors cariporide (HOE-642; R2: -H and R5: -CH(CH3)2 [76] and eniporide (EMD85131; R2: -CH3 and R5: -N ring [77] . These compounds no longer inhibited the ENaC and the Na þ /Ca þ exchanger and became much more selective towards NHE1. Inhibitors of this series have been shown effective in retarding tumour development in mice [12] or in rendering chemiotherapy more effective [78, 79] . Besides amiloride, the only compounds with NHE1 inhibitory activity that have undergone clinical trials are cariporide and eniporide, however these trials were not in the field of cancer but for ischaemic-reperfusion injury. Importantly, the potency of cariporide and some other NHE inhibitors is related to the ionization state of the guanidine residues that depends on the pH to be positively charged: e.g. zoniporide (pK a ¼ 7.2), TY-12533 (pK a ¼ 6.93) and, especially, cariporide (pK a ¼ 6.28) [75, [80] [81] [82] , making these compounds more efficient at inhibiting NHE1. Indeed, cariporide will be even more active at very low pH e (i.e. IC 50 ¼ 22 versus 120 nM at pH e 6.2 and 6.7, respectively [83] . Therefore, the acidic tumour microenvironment, which can be as low as 6.2, could turn out to be an advantage in terms of dose-dependent side rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130100 effects as these compounds, especially cariporide, would be more efficient at inhibiting NHE1.
Clearly, a clinically reasonable approach would try to minimize the systemic dose of the drug in order to dissociate the adverse effects, and probably off-target effects, from the beneficial effects. This could probably already be the case due to the increase in efficacy at low pH e for cariporide described above and is also the idea considered in using therapeutic strategies combining NHE1 inhibitors with chemiotherapeutic agents and/or 'biologic' targets such as growth factor receptor inhibitors, anti-angiogenic therapies and/or hyperthermia. As cariporide, eniporide and/or amiloride have passed all clinical phases, a potential future direction could be a combinatorial therapy of NHE1 inhibitors with inhibitors of one or both of these individual therapies (for recent reviews, see [3, 8, 55, 56, 74, 84, 85] ). Interestingly, in this context, rats having a lifelong treatment with cariporide had a greatly extended lifespan and this was interpreted as being due to a reduced occurrence of cancer [76] .
An interesting additional strategy targeting the low extracellular pH of tumours comes from recent technology addressing the development of a novel class of pH responsive luminescent gold nanoparticles (that importantly are renal clearable) that selectively bind to cells in an acidic environment to improve the delivery of known chemotherapeutic agents specifically to the tumour [86] . An advantage of these novel pH responsive nanoparticles is that they can be used to specifically target the acidic microenvironment of tumour cells irrespective of tumour type and can be used as imaging probes for early diagnosis of tumours, thus combining early cancer detection and treatment methods. 
